The transport of warm and salty waters from the Indian Ocean to the South Atlantic by the Agulhas Current constitutes a key return route of the meridional overturning circulation. Despite the importance of the Agulhas Leakage on interoceanic exchange, its role on biogeochemical cycles is poorly documented. Here we present the first lead (Pb) concentration and isotope data for surface seawater collected during the GEOTRACES cruise D357 in the Agulhas current system. Lead in surface waters of the Cape Basin is described by three distinct end-members: the South African coast, open South Atlantic seawater, and Indian Ocean seawater. The latter stands out in its Pb isotopic composition and can be tracked within two distinct Agulhas rings. High Pb concentrations in the Agulhas rings further corroborate an Indian Ocean provenance of waters and suggest that the Agulhas Leakage represents a major conduit not only for heat but also for trace metals.
Introduction
The Agulhas current is one of the largest currents of the Southern Hemisphere with a net transport of~70 to 80 sverdrup (1 Sv = 10 6 m 3 s À1 ) [Lutjeharms, 2006] . It is the western boundary current of the Indian Ocean subtropical gyre and carries heat and salt from the Indian Ocean to the Atlantic Ocean (Figure 1) , thereby making it a key player in compensating for the export of deep water from the North Atlantic in the global thermohaline circulation system [Gordon et al., 1992; Sloyan and Rintoul, 2001] . Interoceanic exchange happens within the Agulhas Retroflection (Figure 1) , an area where the Agulhas Current turns back toward the Indian Ocean, through detachment of eddies, rings, and filaments [Lutjeharms, 2006] . In this way, 5-8 Sv of warm and salty waters are leaked into the Atlantic Ocean [de Ruijter et al., 1999] .
The magnitude of this leakage is variable through time due to changes in the strength of the Agulhas Current and/or migration of the Subtropical Front. While several investigations have inferred increased leakage during warm (interglacial) periods and a reduced flux during cold (glacial) times [Peeters et al., 2004; Franzese et al., 2006; Bard and Rickaby, 2009] , other studies indicate that reconstruction of salt leakage in this region on glacial-interglacial cycles is not straightforward [e.g., Martínez-Méndez et al., 2010] .
The Agulhas Leakage is an important pathway not only for salt and heat but also for biogeochemical cycles [e.g., Villar et al., 2015] . In 2010, the first leg of the UK GEOTRACES transect GA10 occupied an area of the Cape Basin (Figure 1) . A comprehensive sampling program was carried out, and here we present the first results on surface seawater lead (Pb) isotope compositions and concentrations from the southeastern Atlantic Ocean. The U-Th-Pb decay system is particularly suited for tracing the origin of trace metals in seawater, as Pb has three radiogenic ( 208 Pb, 207 Pb, and 206 Pb) isotopes and one primordial ( 204 Pb) nuclide, which allow effective tracing of natural and anthropogenic sources in the atmosphere-ocean-land system. Subnanomolar concentrations of Pb in seawater and the contamination-prone nature of this trace metal have, however, so far limited extensive use of the Pb isotope tracer in seawater [e.g., Boyle et al., 2014] .
39°S and 7°W and back to Cape Town (Figure 1, Leg B: 8 November to 22 November 2010; samples 1B to 10B) . Seawater was pumped directly into a trace metal clean laboratory van using a Teflon diaphragm pump connected to a clean, oil-free air compressor. Two 1 L samples were stored unfiltered in precleaned 1 L low-density polyethylene bottles and were acidified to pH 2 using distilled 6 M HCl between 2 and 12 weeks prior to analysis. Even though we did not carry out tests to determine the time needed for sample equilibration after acidification, we take the consistency of our results to indicate that the approach taken is valid (e.g., results presented here are part of a larger sample set).
The analyses were carried out following methods described in detail by Paul et al. [2015] . In brief, the Pb concentrations were determined by isotope dilution on 50 mL of seawater, while the Pb isotopic compositions were measured on 2 L seawater samples using a 207 Pb-204 Pb double spike. Following preconcentration and separation of Pb by Mg hydroxide coprecipitation and anion exchange chromatography, the purified Pb was loaded on single rhenium filaments with a silica gel activator and analyzed on a TRITON thermal ionization mass spectrometer in static mode using Faraday cups fitted with 10 11 Ω resistors. Two separate aliquots (i.e., unspiked and spiked) were analyzed for each sample, and the final data, corrected for instrumental mass fractionation, were obtained from these results using an iterative solver [Rudge et al., 2009] .
Total procedural blanks for concentration analyses were 12 ± 4 pg (1 standard deviation (SD)), representing between 4 and 9% of the natural sample Pb. Lead concentrations in all samples were corrected for this contribution. For the determination of Pb isotope compositions, the total procedural blank was 28 ± 21 pg (1 SD, n = 25). In all cases, this represents ≤1% of the indigenous Pb present in the sample, and no blank correction was performed for the isotope data.
Four seafloor sediment samples, collected across the South African shelf (Figure 1 ), were also analyzed for their bulk Pb isotope composition. Sampling and analysis protocols for these sediments are provided in the supporting information. 
Results
The Pb concentrations and isotopic compositions for surface seawater samples are illustrated in Figure 2 with their longitudinal coordinates to approximate distance from the South African coast. Lead contents range from 12 to 29 pmol/kg and reveal a trend of generally decreasing concentrations with increasing distance to the African continent (15 pmol/kg ± 2 pmol/kg, 1 SD, n = 6; between 5°W and 10°E = western part of the transect). Spatial evolution as well as absolute Pb concentrations described here are similar to results obtained in the area in the 1990s (28 pmol/kg ± 12, 1 SD) [Helmers and Rutgers van der Loeff, 1993] . A novel feature detected in our data set is that maximum Pb concentrations are confined in an offshore area between 11.5°E and 17.6°E (24 ± 3 pmol/kg, 1 SD, n = 11; Figure 2 and supporting information Table S1 ). These elevated Pb concentrations correspond to local maxima in salinity ( Figure 2 ). Both the Pb concentrations and salinity levels indicate pronounced temporal variability in the shallow to intermediate water column, as samples from Legs A and B were collected less than 1 month apart, but display distinct features in hydrography and biogeochemistry ( Figure 2 ).
The Pb isotope profiles for both cruise legs also display clear systematic variations, whereby the highest 206 Pb/ 207 Pb ≈ 1.1647 was observed in the sample collected most distal to the continent (Sample 7A, supporting information Table S1 ). In general, elevated ratios can be observed far offshore between 5°W and 5°E ( 206 Pb/ 207 Pb = 1.1636 ± 14 (1 SD), 208 Pb/ 207 Pb = 2.4357 ± 3 (1 SD)), in good agreement with previously reported Pb isotope data for surface waters from the western part of the South Atlantic Subtropical Gyre ( 206 Pb/ 207 Pb = 1.160 ± 9, 208 Pb/ 207 Pb = 2.420 ± 65) [Alleman et al., 2001a [Alleman et al., , 2001b . Our coastal samples are characterized by moderately high 206 Pb/ 207 Pb values (1.1591 ± 17, 1 SD). A pronounced dip in the Pb isotope ratios of the surface waters is observed around 15°E with 206 Pb/ 207 Pb values as low as 1.1516 ± 19 (1 SD) ( Figure 2 and supporting information Table S1), coinciding with maxima in Pb concentrations and salinity.
Discussion

Deciphering the Pb Isotope Signal in the Southeastern Atlantic Ocean
In the three-isotope plot of Figure 3 , our new surface seawater data show two clear trends, which are most likely generated by binary mixing involving three distinct end-members. This conclusion is supported by evaluating the results in diagrams of 208 Pb/ 204 Pb and 207 Pb/ 204 Pb versus 206 Pb/ 204 Pb (see supporting information). In general, the trace metal signature of surface waters in the Cape Basin can reflect either direct atmospheric or continental inputs (e.g., from proximal sources such as South Africa), or advection of water masses via ocean currents, which acquired their signature elsewhere. Satellite and salinity data (Figure 2 and supporting information Movie S1) reveal Figure 1 ). Profiles are compared to salinity measurements from the same cruise for the uppermost 1000 m of the water column, visualized using Ocean Data View [Schlitzer, 2002] . Below we first briefly discuss the former two end-members to then focus on the significance of the latter in the context of the Agulhas Leakage.
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Coastal Surface Seawater Off Southwestern Africa
Both Pb concentrations (21 to 25 pmol/kg) and isotopic signatures (e.g., 206 Pb/ 207 Pb ≈ 1.1568 to 1.1618) define a distinct group of coastal samples (n = 6) from east of 16.9°E (supporting information Table S1 and Figures 2 and 3 ). The proximity of this group to the coast suggests that South African sources are the major contributor of Pb to these samples, in agreement with previously published Pb studies [Helmers and Rutgers van der Loeff, 1993] . Dust propagation models [Mahowald, 2007] indicate that the South African coastal region is primarily influenced by dust from Africa rather than South America, with the latter being a major contributor of aerosols to the South Atlantic Ocean (see below).
The documented composition of anthropogenic emissions from major South African cities [Bollhöfer and Rosman, 2000; Monna et al., 2006; Witt et al., 2006] , as measured before the phaseout of leaded gasoline in 2006 [Monna et al., 2006] , has much lower ratios of 206 Pb/ 207 Pb (≈ 1.08 to 1.19; Figure 3 ) and 208 Pb/ 207 Pb (≈ 2.34 to 2.37) than observed in the coastal seawater end-member. Hence, this seems unlikely as a major contributor to coastal seawater despite of the known importance of Pb remobilization from soil dust [Díaz-Somoano et al., 2009] . Coal from South Africa should constitute an increasing share of anthropogenic Pb, since South African Pb emissions from coal have increased from~300 t/yr in 1970 to~1000 t/yr in 2010 [Lee et al., 2014] . However, the 206 Pb/ 207 Pb ratio of coal is too high for a given 208 Pb/ 207 Pb to account for the Pb isotope signature observed in coastal seawater. In summary, strong contributions from industrial Pb sources to the coastal waters off South Africa seem unlikely. This conclusion is supported by the observation that Pb contents of surface seawater in the area have not changed significantly since the 1990s [Helmers and Rutgers van der Loeff, 1993], even though Pb emissions declined significantly between the 1990s and 2010 [Lee et al., 2014] .
Alternatively, deserts in Namibia and Botswana could represent a significant natural dust source for the South African coastal area [Mahowald, 2007] . Isotopic evaluation of this end-member, however, reveals a broad range of values (Figure 3) . Such a broad range is unlikely to account for the well-defined linear trend described by the coastal seawater samples, in particular, because the effects of such dust contributions are mitigated by the low solubility of Pb from silicate phases in seawater [Erel and Patterson, 1994] . The 2 SD error bars are estimated from the long-term "external" reproducibility obtained in analyses of four in-house seawater reference samples [Paul et al., 2015] . References for each field: surface seawater from Indian Ocean [Lee et al., 2015] , surface seawater from SW Atlantic [Alleman et al., 2001b] , fuel, and Johannesburg City [Monna et al., 2006] , Cape Town City Rosman, 2000, 2002] , coal [Monna et al., 2006; Díaz-Somoano et al., 2009] , and desert dust [Bollhöfer and Rosman, 2000; Kamber et al., 2010; Vallelonga et al., 2010] .
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Sediments from the South African shelf, collected during the same cruise as the seawater samples (D357), display high 206 Pb/ 207 Pb and 208 Pb/ 207 Pb ratios (Figure 3 , supporting information Table S2 , and Text S1) that could, in principle, represent the coastal end-member. However, 206 Pb/ 207 Pb is too high and 208 Pb/ 206 Pb (not shown) too low to fit the well-defined trend of the seawater samples. It is conceivable that isotopic exchange between coastal seawater and shelf sediments may be responsible for this mismatch if such processes can produce an exchangeable Pb fraction that differs slightly in composition relative to the bulk sediment [e.g., Lacan and Jeandel, 2005; Paul et al., 2011; Lee et al., 2014] . However, in the absence of direct measurements to support such processes, contributions from other sources, such as uncharacterized local riverine inputs or submarine groundwater discharge, cannot be excluded.
Open Ocean Surface Seawater in the South Atlantic
The composition of open ocean surface seawater for the southeastern Atlantic Ocean (e.g., west off 7.6°E) determined here is very similar to historical data from the (south)western Atlantic Ocean [Alleman et al., 2001a [Alleman et al., , 2001b . Aerosols from major South American cities and natural dust sources [Bollhöfer and Rosman, 2000] overlap with the range of Pb isotope compositions defined by historical and our new seawater results. This suggests that Pb in the open South Atlantic is primarily dominated by aeolian inputs from South America. This conclusion is, furthermore, in agreement with dust propagation models [Mahowald, 2007] , which indicate that dust transport via the westerlies from South America is the dominant source of dust to the South Atlantic. The similarity between the historical and our new seawater results (Figure 3) further implies that the Pb isotope composition of the South Atlantic Ocean has not changed significantly over the last 14 years, even though the Pb content and isotopic composition of the North Atlantic Ocean have evolved dramatically during this time, in response to the phaseout of leaded gasoline . This contrast in temporal evolution is attributed to the limited exchange of aerosol-bound Pb between the Northern and Southern Hemispheres as a consequence of the Intertropical Convergence Zone and short residence time of Pb aerosols in the troposphere (<2 weeks) [Alleman et al., 2001a] .
Influence From the Indian Ocean-Agulhas Leakage
A key finding of our study is that the surface seawater samples display two distinct trends, which originate from the coastal and open Atlantic Ocean end-member, respectively, and converge in a well-defined offshore area (11.5°E to 17.6°E) at comparatively low 208 Pb/ 207 Pb and 206 Pb/ 207 Pb ratios (Figure 3 ). The Pb concentration and isotopic composition displayed by seawater in this geographical area implies an additional endmember beyond the South African and South American inputs discussed above. Elevated salinity data (Figure 2) , as well as temperature and nutrient contents [Wyatt et al., 2014] for the same seawater samples, mark the presence of Agulhas rings, which originate from the Agulhas Retroflection (Figure 1 ). The position of Agulhas rings during the time of the cruise can be reconstructed using sea surface height anomalies from satellite measurements [van Ballegooyen et al., 1994] (Archiving, Validation, and Interpretation of Satellite (AVISO), http://www.aviso.oceanobs.com/duacs/). A movie is provided in the supporting information, which highlights that two prominent Agulhas rings influenced the region during the collection of our samples between mid-October and end of November 2010. The first Agulhas ring passed through the locations of samples 3A and 4A during Leg A and 2B, 6B, and 7B during Leg B. The second Agulhas ring moved northward in November 2010 and hence only affected the locations of samples 3B and 5B. In situ salinity measurements ( Figure 2) show a large anomaly for samples 3A, 2B, 6B, and 7B, in agreement with the position of the first Agulhas ring. A comparison of the two salinity profiles (Figure 2) Figures 2 and 3) . Hence, samples collected east of 16°E trend toward the South African coastal end-member, while seawater west of 7°E plots toward the open Atlantic Ocean signature. The observation that samples 2B and 7B, which were sampled at an almost identical location 8 days apart, have clearly distinct Pb isotope signatures and Pb contents (Figures 1  and 2) illustrates the highly transient nature of the short-lived Agulhas rings. Assuming a mean Pb concentration of 28 pmol/kg for the Agulhas rings and a water flux of 5 to 8 Sv for the Agulhas Leakage, this yields a Pb flux from the Indian to the South Atlantic of 0.9 to 1.5 × 10 9 g/yr. Notably, this Pb flux is equivalent to that provided by global atmospheric mineral dust deposition (1.6 × 10 9 g/yr, assuming 8% of Pb is released from dust to seawater) or major rivers such as the Ganges (1.8 × 10 9 g/yr) or the Mississippi (1.7 × 10 9 g/yr) [Henderson and Maier-Reimer, 2002] . It follows that the Agulhas system represents an important conveyor belt for the distribution of trace metals which will have an important impact on marine biogeochemical cycles.
Conclusion
The Pb isotope fingerprint of surface seawater from the Cape Basin describes two clear trends between three distinct end-members: (i) open ocean South Atlantic surface waters that carry an aerosol imprint from South American sources, (ii) coastal inputs from South Africa, and (iii) Indian Ocean water carried to the area within Agulhas rings. Lead isotopes and concentrations are excellent tracers of the transient occurrence of Agulhas rings, the exact path of which can be identified by satellite observations and confirmed by in situ hydrography measurements. Considering the significance of the Agulhas current on global heat transport, its Pb characteristics suggest it could also represent a significant conveyor for trace metals and their biogeochemical cycles.
